This paper focuses on the effect of surface treatment (grinding, electrochemical polishing) on the corrosion resistance of AISI 316L, a Cr-Ni-Mo low-carbon austenitic surgical stainless steel, in a physiological solution at the temperature of 37 °C. The influence of a surface defect and of sensitization by heat treatment on the corrosion behaviour of electrochemically polished surface is also studied. The evaluation is based on the results of cyclic potentiodynamic polarization tests and on the microscopic observation of specimen surfaces after performed tests. The analysis of cyclic potentiodynamic curves showed the highest pitting corrosion resistance of electrochemically polished specimens regardless of the previous sensitization. The as-received specimen showed the highest susceptibility to pitting, which was microscopically confirmed. Based on the performed experiments we can conclude that electrochemical polishing is an efficient chemical surface treatment to increase the resistance of AISI 316L to pitting corrosion; the resistance to pitting corrosion of electrochemically polished surface can by markedly decreased by the presence of mechanical defects; the as-received surface and the ground surface showed lower resistance to pitting corrosion than electrochemically polished ones; sensitization induced by heat treatment (700 °C/10 hours) does not decrease resistance to pitting corrosion.
Introduction
Austenitic stainless steels are used for various biomedical applications (e.g. medical equipment, surgical tools, and fixation screws) because of their biocompatibility [1, 2] , high corrosion resistance, and appropriate mechanical properties [3, 4] . Their excellent resistance to uniform corrosion is related to the passive oxide surface film. However, aggressive ions present in the environment (halides, namely chlorides and bromides) can cause a local breakdown of this protective film and enable the progression of local pitting corrosion [3, 4] .
Resistance to pitting of stainless steels is affected by a number of internal (chemical composition, structure, and quality of surface) and external factors (concentration of aggressive ions, temperature, and pH). The quality of the surface passive film is one of the most important factors of the corrosion behaviour of stainless steels [3, 4] . The passive film properties are strongly influenced by mechanical and chemical finishing processes. The type of mechanical treatment (grinding, blasting, polishing, etc.) affects the electrochemical and mechanical stability of the passive film and near surface layers by changing the surface reactivity and by altering the near-surface residual stress state [3] [4] [5] . Mechanical treatment is usually the first step which is followed by a chemical reaction. Chemical reactions with the steel vary with the character of reagents; they are also affected by the preceding mechanical treatment [5] . The surface roughness resulting from the finishing processes used can be an important factor in the subsequent corrosion behaviour. As a result, surface preparation operations can alter the resistance of steel to the initiation and propagation of pitting [6] [7] [8] [9] .
The process of electrochemical polishing is a conventional chemical surface finish of metals, which results in a high surface quality with high surface brightness (mirror finish), an increase in corrosion resistance and a decrease in surface roughness [10, 11, 12] . The electropolishing process removes a particular layer from the metal surface. A high quality passive oxide film is created on the surface during the polishing process. Corrosion resistance of electrochemically polished materials increases because the surface is smoother and resistant to contamination and bacteria. That is why this treatment is mainly used in food, chemical, petrochemical, pharmaceutical, and medical industries. Electrochemical polishing in medicine is used mainly to polish surgical and ophthalmic devices and instruments and also joint replacements, jaw implants, and stents used in cardiology [10, 11] .
Sasaki and Burstein [7] addressed the relationship between the pitting potential E p and the surface treatment of stainless steels. They pointed out that E p is lower for rougher surfaces than for smoother ones; they also found that the number of metastable pits is lower on smoother surfaces. According to [7] , the possibility of development of pits that can pass through the stage of a stable growth is higher in the deeper, less open sites than in shallower and more open ones. Burstein and Pistorius [9] indicated that the smoother surface of AISI 304 stainless steel reduced the incidence of metastable pitting substantially by reducing the number of sites capable of being activated into a metastable pit growth.
The AISI 316L steel is a Cr-Ni-Mo low-carbon austenitic surgical stainless steel. This paper focuses on the effect of surface treatment (grinding and electrochemical polishing) on the corrosion resistance of this stainless steel in a physiological solution at the temperature of 37 °C. The influence of sensitization on the corrosion behaviour of electrochemically polished surfaces is also studied. Evaluation of the corrosion resistance is based on the results of electrochemical cyclic potentiodynamic polarization tests and on the microscopic observation of specimen surfaces following electrochemical tests.
Experimental material
The stainless steel AISI 316L, with its chemical composition listed in Table 1 , was used as an experimental material. The steel was purchased in a 1.5 mm thick sheet (1000x2000 mm) and its treatment (marked as 2B) was based on annealing and pickling after smoothing rolling. The microstructure of the experimental material (determined by a Neophot 32 optical metallographic microscope) in cross and longitudinal sections is shown in Fig. 1 and Fig. 2 . It consists of polyedric austenitic grains with observable twins, which could be created by annealing or by rolling. Parallel lines visible in the longitudinal section (Fig. 2) were created by the rolling during the technological process. The (Mo, Cr) 23 C 6 carbides [13] are localized along the above mentioned lines. 
Experimental conditions and methods
For the simulation of internal conditions in the human body, all experiments were performed in a physiological solution represented by the 0.9 % NaCl solution (i.e. 0.15 M NaCl).
Surface preparation
Specimens of six various types of surfaces were tested: 1. as-received surface, i.e. surface without additional mechanical and chemical treatment; 2. electrochemically polished surface; 3. electrochemically polished surface with a surface defect (scratched surface which simulates mechanical damage to the implant inflicted by a surgical instrument); 4. electrochemically polished surface after sensitization of experimental material by heat treatment (700 °C/10 hours); 5. electrochemically polished surface after sensitization of experimental material by heat treatment, with a surface defect; 6. ground surface (abrasive paper, grit size 500 and subsequently 1200).
Electrochemical polishing was performed in the H 3 PO 4 + H 2 SO 4 + H 2 O electrolyte under the conditions listed in Table 2 [10] . A polished specimen was immersed into the electrolyte and connected to the positive pole of the power source as an anode. A cathode was of the same material as the anode [10] . 
Cyclic potentiodynamic polarization tests
Cyclic potentiodynamic polarization tests were carried out in a three-electrode cell of the corrosion measuring system (VoltaLab 10 with VSP unit). Potentiodynamic polarization curves were obtained by the EC-LAB SOFT software. The potential between the specimen and the electrolyte had settled in 10 minutes before the polarization. The scan range was -0.3V -2.0 V with respect to the open circuit potential and the scan rate was 1mV/s. The surface of the AISI 316L working electrode (the area of 1 cm 2 ) was rinsed with ethanol before measurement [4, 14] . The saturated calomel electrode (SCE) was applied as the reference electrode and platinum foil as a counter electrode. All experiments were carried out at the temperature of 37 ± 0.5 °C. At least five experiment repeats were carried out for all specimens.
Experiment results
Cyclic potentiodynamic polarization curves express dependence of the current density i [mAcm -2 ] on the potential E [V]. They enable the determination of the passivity region and the pitting potential E p , which is an important electrochemical characteristic of the resistance to pitting. The pitting potential E p can be located as the potential of a sharp increase in the current density on the polarization curve of direct measurement [3, 4] . When the potential reaches this critical value, the current density suddenly increases, denoting the breakdown of the passive film and the beginning of a stable pit growth. The shift of E p to more positive values on the polarization curve denotes the rise in stability to pitting [3, 4] . Figure 2 shows cyclic curves of variously treated AISI 316L stainless steel surfaces immersed in a physiological solution. Fig. 2) are of a typical loop shape with a passivity region and a sharp increase in the current density at the pitting potential (Fig. 4) . Passivity regions of electropolished specimens without surface defects (Fig. 3 , curves 2 and 4) are very broad; no breakdown of passivity, which indicates the initiation of pitting corrosion, was recorded within them. The current density suddenly increases at a potential of approximately 1.2 V (Fig. 3) , which can be considered as the trans-passivation potential E t [14] . If the potential is equal or higher than E t , the surface passive film is dissolved and active corrosion of material starts [3, 4, 14] . This is also confirmed by the Pourbaix diagram for Cr (Fig. 4) . Microstructures of AISI 316L after cyclic potentiodynamic polarization tests were observed by a NIKON AZ 100 optical microscope. The surface tested in the as-received state (Fig. 5) , the electrochemically polished surface with a surface defect (Fig. 6) , the surface electrochemically polished after sensitization, with a surface defect (Fig. 7) , and the ground surface (Fig. 8) were all attacked by pitting corrosion.
After 7 minutes of electrochemical polishing in an electrolyte with the applied current density of 0.8 Acm -2 , a 0.08-0.09 mm-thick layer was removed from the surface of the specimen. This amount of the removed material corresponds with the layer (0.02 mm) removed from the specimen after the electrolytic polishing carried out in [15] . The smoothness of the electropolished surface was observed macroscopically; in addition, the surface roughness of the polished and as-received surfaces was measured. Surface roughness is an arithmetic mean average stating the surface roughness parameters (R a -roughness average, R q -root mean square roughness, R z -mean roughness depth) listed in Table 3 . Surface roughness measurement was carried out by means of a portable Mitutoyo SJ-210 tester in the standard measurement conditions: 4 x 10 -3 N measuring force, VDA= 0.5 mm/s, and λ c = 0.8 mm. The electropolished specimen shows a significant decrease in the average value of surface roughness in comparison with the as-received specimen. 
Discussion
A comparison of cyclic potentiodynamic curves (Fig. 2) shows that electropolished surfaces without mechanical defects (curves 2 and 4) have the highest resistance to pitting corrosion. Electrochemical polishing enabled the formation of a high quality Cr 2 O 3 passive film, which protects the steel surface in the whole passive region [11, 15, 16] . Appropriate polishing current density is a very important parameter for effectual surface finish. The application of a high current density leads to a more intensive bubble formation, which can cause microscopic pits on the surface of the specimen [15] . The rise in the current density at the trans-passivation potential E t (about 1.2 V) points to the beginning of Cr 2 O 3 dissolution and the formation of soluble chromates (Fig. 4) , which do not create a protective barrier between the metal and the electrolyte [3, 4, 14] . However, it should be noted that the active corrosion of the tested biomaterial in the trans-passive region in the internal environment of the human body is not an option because of a high E t value, which cannot be reached spontaneously under the given conditions. Electropolishing did not reveal the sensitization of austenitic stainless steel which could be observed by almost the same course of the cyclic potentiodynamic curve (curve 4, Fig. 2 ) as of the curve 2 in the same figure. Sensitization of the experimental material during heat treatment is real; it was confirmed by microscopic observation (Figs. 9, 10, 11) after an electrolytic etching test in a 10 % oxalic acid solution according to the standard [17] . The etching test was performed at the current density of 1 Acm -2 for 90 s. This etching test is used to detect carbide segregation at grain boundaries, the so-called sensitization, which can occur when a stainless steel is held at temperatures of 500 -900 °C [17] . A sensitized material might become susceptible to intergranular corrosion if exposed to an aggressive corrosion environment [3, 4, 13, 14] . The microstructure of the austenitic stainless steel AISI 316L after being held at the temperature of 700 °C for 10 hours and electroetched in the oxalic acid is shown in Figs. 9 and 10 , where grain boundaries are revealed because of the formation of chromium carbides. In Figure 11 , which shows the microstructure of the same steel when observed by a light microscope using polarized light, we can also see grain boundaries. Based on the above mentioned, we can conclude that the cyclic potentiodynamic test performed under the given conditions was not appropriate to the task of revealing susceptibility to intergranular corrosion.
By poor surface treatment, failure of the implanted material can occur due to the fatigue failure. This happens because the fatigue mechanism starts at sites with machining imperfections that act as stress concentrators. Failure of the implanted material can be caused by poor surface finishing as well as by inappropriate heat treatment that can cause sensitization of stainless steel which can escalate to the final failure. As could be observed, the surface of sensitized steel after electropolishing was highly resistant to pitting corrosion and there were no signs of sensitization. However, if this improperly treated steel was implanted instead of a hip joint and was subjected to cyclic loading, it might fail prematurely due to fatigue or due to a combination of corrosion and fatigue. If electrochemically polished specimens have surface defects, their corrosion behaviour differs from those with defect-free surfaces. This can be seen from the course of cyclic curves 3 and 5 ( Fig. 2) , which indicate the breakdown of the passive film at the respective pitting potentials and the initiation of pitting corrosion (Fig. 3) . This form of corrosion attack was also reflected in the microstructures (Figs. 6 and 7) . Corrosion pits on the surface of the specimen without sensitization are oblong and well bounded. No pit germs are visible in the Annealing twins
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Resistance of Austenitic Biomaterial area. On the surface of the sensitized specimen there is a round-shaped pit and a number of much smaller germs in its surroundings (Fig 7) . The as-received surface of the material proved to be the least resistant to pitting corrosion ( Fig. 2 curve 1 ) because of its lowest pitting potential. Similarly, the specimen surface in Fig 5 shows oblong corrosion pits with irregular edges. In agreement with Fig. 2 (curve 5) and Figs. 3 and 8 , resistance of the ground surface is slightly higher than that of the as-received surface.
The documented pitting corrosion damage indicates that nickel ions could be released from the biomaterial into the environment during exposure. Nickel ions are very harmful because they have allergenic, toxic and carcinogenic properties and can cause allergic contact dermatitis as well [1, 2, 18] . Therefore, the corrosion phenomenon not only affects the mechanical properties of metal appliances, but may also influence the body due to leached metal ions.
The toxicity and carcinogenicity of nickel are related to certain compounds containing nickel. In vivo, Ni 2+ ions may cross cell membranes using the Mg 2+ ion transport system, and then bind to cytoplasmic ligands, although the soluble Ni 2+ is rapidly cleared. There is no specific mechanism for the delivery of Ni 2+ to target sites in the cell nucleus that may result in genetic mutations causing cancer. The mechanism by which a nickel compound may be harmful is its active uptake by cells through their membranes. Harmful changes such as the formation of oxygen radicals and subsequent DNA damage can occur. It has been found that pure nickel implanted in the bone caused severe local tissue irritation and necrosis. Metal ions released due to the corrosion of the implanted steel can migrate into distant organs (liver, kidney, spleen), can accumulate there and have harmful effects [18] .
Not only nickel but also other steel alloying elements can cause damage in the human body. Large amounts of iron released from metallic implants can increase the level of iron in the blood. High blood levels of free ferrous iron react with peroxides and produce free radicals, which are highly reactive and can damage the DNA, proteins, and lipids. Iron typically damages cells in the heart and the liver, which can cause significant adverse effects, including coma, liver failure, and other long-term organ damage [18] .
Conclusions
Based on the experiments performed on the AISI 316L austenitic biomaterial, we can conclude:
 Electrochemical polishing carried out in the H 3 PO 4 + H 2 SO 4 + H 2 O electrolyte under the recommended conditions (Table 2) is an efficient chemical surface treatment to increase the resistance of AISI 316L to pitting corrosion in a physiological solution at the temperature of 37 °C. Electropolishing reduced the surface roughness of the specimen; the as-received surface had the average value of surface roughness R a = 0.256 μm and the electropolished surface reached the surface roughness R a = 0.078 μm.  Resistance of electrochemically polished surface to pitting corrosion can by markedly decreased by the presence of mechanical defects. Therefore, caution is advised when using sharp surgical instruments that could damage the polished surface of a biomaterial prepared for the application to the human body.
